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Matrix-assisted laser desorption ionization was performed on an external ion source Fourier 
transform ion cyclotron resonance mass spectrometer equipped with a 7-T superconducting 
magnet to analyze end groups of synthetic polymers in the mass range from 500 to 5000 u. 
Native, perdeutero methylated, propylated, and acetylated polyethylene glycol and polyvinyl 
pyrrolidone with unknown end-group elemental composition were investigated in the mass 
range up to 5000 u by using a 2,5-dihydroxybenzoic acid matrix. A small electrospray setup 
was used for the deposition of the samples. Two methods to process data were evaluated for 
the determination of end groups from the measured masses of the component molecules in 
the molecular weight ranges: a regression method and an averaging method. The averaging 
method is demonstrated to allow end-group mass determinations with an accuracy within 
3 mu for the molecular weight range from 500 to 1400 and within 20 mu for the molecular 
weight range from 3400 to 5000. This is sufficient to identify the elemental composition of 
end groups in unknown polymer samples. 0 Am Sac Mass Spectvom 1996, 7, 449-457) 
I nsight into the functional properties of polymers and a verification of the reaction products of poly- merization processes can be obtained from knowl- 
edge of the structure of the polymer end groups. In 
this study we present the possibility to determine end 
groups of polymers by matrix-assisted laser desorption 
and ionization (MALDI) on an external ion source 
Fourier transform ion cyclotron resonance mass spec- 
trometer (ext-FTICR-MS). 
Most of the commonly used techniques to character- 
ize synthetic polymers, such as osmometry, cryoscopy, 
end-group titration, and light scattering [I], are capa- 
ble only of yielding an average molecular weight. 
Other methods, such as size-exclusion chromatography 
and high-performance liquid chromatography, are able 
to separate the oligomeric components of the polymer 
system, but with limited resolution and accuracy [2]. 
Consequently, these techniques are not suitable for the 
determination of exact molecular weight distributions 
of the individual components of the polymer molecu- 
lar weight distribution. In recent years it has been 
shown that mass spectrometric analysis can provide 
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this information [3-lo]. For mass spectrometric charac- 
terization of polymer systems, soft ionization tech- 
niques are commonly used to lift and convert the large 
molecules from the condensed phase to gas phase 
(quasi) molecular ions. The advantage of these tech- 
niques is that they minimize fragmentation of the 
molecular ions, even for high molecular weights, which 
is imperative for the measurement of the molecular 
weight distribution. Various “soft” ionization tech- 
niques have been used: secondary ion mass spectrome- 
try [3], plasma desorption [4], fast-atom bombardment 
[5], laser desorption [6], electrospray ionization [7], 
and MALDI. Of these techniques, especially MALDI 
has evolved as an important ionization technique for 
molecular weight determinations of synthetic and 
biopolymers [8-lo]. However, the low resolution of 
the widely used MALDI time-of-flight (TOF) mass 
spectrometers limits the mass measurement accuracy 
for higher molecular weight samples. Because in gen- 
eral the mass of a polymer is much larger than the 
mass of its end group, ultra high mass accuracy is 
required for an end-group determination. TOF mass 
spectrometers are inadequate for such determinations. 
This problem can be overcome by coupling MALDI 
to a Fourier transform ion cyclotron resonance mass 
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spectrometer (FTICR-MS)+an established method to 
achieve ultra high mass resolution and perform accu- 
rate mass measurements [ 11~17]. 
In most MALDI-FTICR-MS studies the MALDI pro- 
cess takes place near the ion ICR cell. In such configu- 
rations difficulties are encountered in trapping the 
MALDI ions inside the ICR cell because of the large 
kinetic energy of the laser-desorbed ions. Several ex- 
perimental and instrumental approaches have been 
tried to improve the trapping efficiency, such as a 
gated trapping deceleration protocol [18] and colli- 
sional cooling [lY, 201. McIver et al. [21~23] described 
an external ionization method where the MALDI source 
was outside the magnetic field. MALDI ions were 
transferred by an rf-only quadrupole ion guide and 
injected into the center of the ICR cell. Their experi- 
ments have shown that the external ion source con- 
figuration provides improved mass measurement ac- 
curacy and mass resolution for MALDI-produced ions 
[24, 251. 
The hardware for the experiments in our study is an 
in-house modified commercially available external ion 
source 7-T FTICR-MS instrument. First results on end- 
group determinations that used this instrument have 
been reported by de Koster et al. [26]. In this article 
measurements on native, perdeutero methylated, 
propylated, and acetylated polyethylene glycol (that 
have known end-group structures) as well as measure- 
ments on polyvinyl pyrrolidone (with unknown end- 
group elemental composition) are presented. We have 
used these measurements to compare two different 
methods for end-group mass determination from exact 
mass measurements of the components of a polymer 
molecular weight distribution. Error analysis is carried 
out to test the accuracy of the methodology. 
Experimental 
The MALDI experiments were performed on the FOM 
APEX-HRI, an external ion source FTICR-MS that is a 
modified Bruker-Spectrospin (Fallanden, Switzerland) 
APEX 7.0e FTICR-MS [27]. Samples for the MALDI 
experiments were deposited on the stainless steel tip of 
a direct insertion probe. This probe was inserted into 
the external ion source via a vacuum lock. The ion 
source was pumped to typically 1 x lo--’ mbar by 
using a combination of a turbomolecular and a turbo- 
drag pump backed by an oil-free membrane pump. A 
total of three pumping stages along with two differen- 
tial pumping restrictions maintain an ultra high vac- 
uum (UHV) base pressure of < 1 X 10 “’ mbar in the 
ICR-cell region. The ions produced in the source were 
transferred by the standard Bruker electrostatic ion 
accelerated to 3 keV to prevent radial ejection in the 
inhomogeneous stray field of the magnet. After decel- 
eration to approximately 1 eV the ions were trapped in 
the electrostatic potential well between two trap elec- 
trodes of an Infinity r”Cell (Bruker-Spectrospin, 
Fallanden, Switzerland) [28], which is centered inside 
the homogeneous region of the 7-T superconducting 
magnet. Control of the measurements on the FTICR-MS 
and data acquisition and processing were performed 
by the Bruker software XMASS running on an SGI 
Indigo R4000 (Silicon Graphics, Mountain View, CA) 
UNIX-based workstation. 
A Photon Technology PL2300 (London, Ontario, 
Canada) nitrogen laser was used to produce 337.1-nm 
laser pulses with an energy of 1.3 mJ and a pulse 
length of 600 ps. The laser beam was transferred to the 
source over a distance of 2 m and focused onto the 
MALDI probe with an incident angle of 45” by using 
an optical system that consisted of two telescopes (two 
pairs of biconvex lenses with 300-, 400-, 40-, and SO-mm 
focal length, respectively). The area of the laser beam 
at the MALDI probe was 4.5 mm2 determined from 
the discoloration of photosensitive paper. The trans- 
mitted energy per pulse measured inside the ion source 
(0.48 mJ) resulted in a fluence of 10.6 mJ/cm’ (which 
corresponds to a power density of 17.5 MW/cm*) on 
the MALDI target. 
Each experiment started with a quench pulse that 
removes all ions from the ICR cell. This was followed 
by a transistor-transistor logic (TTL) pulse that trig- 
gered the laser. At the same time the front trapping 
electrode was set to ground potential to allow the ions 
to enter the cell. The rear trapping electrode remained 
at typically 3.5 V. Following a time delay determined 
by the time-of-flight of the ions in the mass range of 
interest, the front trapping electrode was set to 2.5 V. 
The asymmetry in the trapping field was introduced 
because it gives optimal signals in our experiments. 
Following a 50-ms delay, the trapped ions were coher- 
ently excited to a radius a little under the cell radius 
by a frequency sweep (chirp) excitation from a fre- 
quency synthesizer. To acquire a mass spectrum the 
ion-image-current signals on the detection plates were 
digitized by a 12-bit, 20-MHz analog-to-digital con- 
verter and stored in a 128-Kbyte fast memory. Finally, 
discrete Fourier transformation of this time domain 
signal followed by magnitude calculation yielded a 
frequency spectrum, which was transformed to a mass 
spectrum. All spectra shown are zero-filled to 256 
Kbytes. 
To calculate the actual mass of an ion with a given 
elemental composition, the atomic masses tabulated in 
the 1983 atomic mass table composed by Wapstra et al. 
[29] were used. 
optics to the ICR cell. The ions were extracted from the 
ionization region by using a potential difference of 
Sanqde Preparation by Electvosprayirzg 
approximately 10 V between the source housing and The compounds examined were polyethylene glycol 
the first extraction plate. Subsequently, the ions were (PEG) 1000 from Serva (Heidelberg, Germany), 
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PEG4000 from Fluka Chemical (Buchs, Switzerland), 
and polyvinyl pyrrolidone (PVP3000) with unknown 
end-group structure. For all the measurements 2,5- 
dihydroxybenzoic acid (DHB) from Sigma Chemical 
Co. (St. Louis, MO) was used as the MALDI matrix. 
The native PEGS and the PVP were used without 
further purification. For the alkylation 80-mg KOH 
powder was added to 25-mg PEG and the samples 
were dried in vacua over phosphorus pentoxide at 
50 “C for 1 h. The samples were dissolved in l-mL dry 
dimethyl sulfoxide and 0.2-mL (methyl-d,) iodide or 
propyl iodide was added. The methylation was com- 
pleted at room temperature in 2 h; the propylation was 
completed at 60 “C in 5 h. The reaction was stopped by 
adding 5 mL of ice water and the derivatized PEGS 
were extracted with trichloromethane (3 X 2 mL1. The 
combined extracts were washed with water (3 X 2 
mL1. The CHCl, was evaporated under a stream of 
nitrogen and the residues were dried in vacua over 
phosphorus pentoxide at 50 “C for 1 h. The acetylated 
sample was prepared by dissolving 30-mg PEG in 
l-mL dry pyridine. Acetic anhydride was added and 
the sample was allowed to react for 16 h at 100 “C. The 
pyridine and acetic anhydride were evaporated under 
a stream of nitrogen. 
The samples for MALDI mass spectrometry were 
prepared by mixing a 1-M matrix solution in ethanol 
with approximately lo-g/L analyte solution in ethanol. 
For PEG4000 the molar ratio 4OOO:l was found to be 
optimum, whereas for the other compounds the molar 
ratio 1OOO:l gave the best results. The resulting sample 
matrix solution was deposited onto a stainless steel 
probe tip by using a small electrospray setup. In this 
setup a Harvard Apparatus (South Natick, MA) sy- 
ringe pump (model 55-1111) is used to deliver 0.30 
mL/h to a 180-pm internal diameter capillary for 
20 min. This capillary is electrically isolated from the 
pump with a PEEK insulator and is typically set to 
4 kV. The MALDl probe tip is located about 7 mm 
behind the capillary and is set to ground potential. The 
resulting analyte amount on the probe is approxi- 
mately 10 ng. In comparison with the dried droplet 
method 181, this method of sample deposition provides 
smaller crystals, which results in an improvement of 
signal-to-noise ratio by a factor of 2 in our instrument. 
Results and Discussion 
Numerical Considerations of End-Group Analysis 
Because of the statistical nature of the polymerization 
process, most polymeric materials consist of mixtures 
of molecules of various sizes. Because the MALDI 
ionization technique leads to protonated or cationized 
molecules, the measured masses of the component 
(home-! polymers in this molecular weight distribu- 
tion can be written as 
Here M is the degree of polymerization and Mmon, 
M end/ and &at are the mass of the repeating unit, the 
residue mass of the end group, and the mass of the 
cation, respectively. Note that this expression holds 
only for the “C monoisotopic peaks in the measured 
molecular weight distribution. If  component polymers 
that contain one or more i3C atoms are considered, an 
additional term has to be introduced that incorporates 
the mass difference between “C and “C. Linear re- 
gression analysis on the measured molecular weights 
of an isotopically resolved selected series of cationized 
component polymer molecules as a function of the 
degree of polymerization will yield the mass of the 
repeating unit and the sum of the residue mass of 
the end group plus the mass of the cation. The slope of 
the fitted line gives the mass of the repeating unit and 
the intercept with the y  axis will represent the com- 
bined mass of the end group and the cation. However, 
there are two problems inherent to this method: first, 
the determination of the cation adduct; second, the 
assignment of the degree of polymerization to the 
different molecular peaks in the spectra. For many 
polymer samples the first problem can be solved easily 
by comparison of a series of measurements where 
different alkali salts are added to the matrix as dopants. 
This addition of alkali salts will influence the abun- 
dance of the cationized species and it becomes possible 
to identify the different adducts. The assignment of the 
degree of polymerization is more ambiguous. A crite- 
rion for the assignment of n is that the estimated 
end-group mass corresponds with elemental composi- 
tions that are plausible in the context of reaction mech- 
anisms in polymer synthesis and synthetic routes that 
lead to the polymer. Consequently one has to evaluate 
in principle all possible end-group masses given by 
M end = M, + i”M,,, (2) 
(in which M, is the smallest possible end-group mass 
and i = 0, 1, 2, . . 1. 
In the foregoing method both the monomer mass 
and the end-group mass are determined from mea- 
sured data. However, it is obvious that an error in the 
monomer mass determination will introduce a pro- 
gressive error in the end-group mass because of the 
extrapolation of the regression line necessary to find 
the intercept with the y  axis. Therefore a significant 
improvement of the accuracy of the intercept can be 
obtained when the elemental composition of the re- 
peating unit has been determined. In that case the 
slope of the line can be fixed to the actual residual 
monomer mass and only the intercept will be fitted. 
This method is equivalent to determination of the end 
group for each individual peak in the spectrum (by 
subtracting n times the monomer mass from the mea- 
sured mass) and subsequently averaging the results. 
The accuracy in determination of end-group masses 
according to both methods can be compared by per- 
forming an error analysis. The uncertainty in the deter- 
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mination of the end-group mass as a result of the 
(expectation value of the) accuracy of the mass mea- 
surements a,,,, by using the first method-the regres- 
sion method-is determined by the uncertainty in the 
estimation of the coefficients a and b in the fit of the 
straight line Y = an + b through the set of data points. 
In this fit a and b reflect the monomer and the end- 
group mass, respectively. The errors are found to be 
1301 
where n, is the degree of polymerization that corre- 
sponds to a measured mass Mi and N is the number 
of data points. The uncertainty in the determination of 
the end-group mass is equal to crb. To compare the 
uncertainties for the two methods we can simplify 
eqs 3 by considering the case in which the data points 
are distributed equally about the origin. This can be 
obtained for any data set by redefinition of the origin 
that performs the translation n’ = n - Ii (where n is 
the average degree of polymerization), which is a lin- 
ear transformation and therefore does not affect the 
magnitudes of the uncertainties. After transformation 
of the data, we find from eqs 3 that in the new 
coordinate system, the uncertainties in fitting the line 
Y’ = a’n’ + b’ (note that primed symbols refer to the 
new coordinate system) are given by 
dt.3 
2 
u’2 = ~ Udat.3 ‘2 = - 
a Cf!,nF’ ub N ’ 
(4) 
Insertion of n’ = n - II into the expression for u,l 
shows that the uncertainty in the parameter a is invari- 
ant for linear transformations, that is, ai = a,. To find 
the mass of the end group in the new coordinate 
system, n’ = --II is substituted into Y’ = d’n’ + b’, 
which results in 
M end = b’ - a%. (5) 
The corresponding uncertainty is obtained by calcula- 
tion of the propagation of errors in the extrapolation 
[301 
2 - 
%d - 
For the second method-the averaging method-the 
uncertainty in the determination of the end-group mass 
as calculated from the propagation of errors 1301 is 
given by 
(7) 
Comparison of eqs 6 and 7 shows that the difference 
between the accuracies of the two methods is the 
(progressive) contribution of the uncertainty in the 
determined monomer mass a,. Consequently with a 
known monomer elemental composition, the averaging 
method yields higher end-group mass accuracies. 
Tests of the Methodology on PEG2000 
and PEG4000 
The polymer samples investigated in a first series of 
experiments were polyethylene glycols with different 
molecular weight averages. Because these PEGS are 
reference samples with known polymer structure, sys- 
tem performance could be optimized and character- 
ized in the course of these experiments. Figure 1 shows 
the MALDI-FTICR-MS spectrum of PEG1000 in broad 
band (mass range m/z 500-5000) and two expansions 
of the mass scale. Sodium iodide was added to the 
matrix to increase the signal-to-noise (S/N) ratio. The 
broadband mass spectrum covers the entire molecular 
r.1. 
1 - 
0.5 - 
II,, 
0’ 1 
700 
n=20 
rk19 
n=2l 
Ho-(C&0),-H 
I-- 
1100 1300 m/z 
Figure 1. Broadband MALDI-FTICR-MS spectrum of native 
PEG1000 with sodium iodide added to the matrix. Two expan- 
sions of the mass scale are given. The left-hand inset shows the 
different cation adducts and the right-hand inset shows the high 
resolution of the measurement (30,000). 
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weight distribution of PEGlOOO. The resolution in 
broadband mode (rr~/dm),,,,,~ is 30,000 with a S/N 
ratio of 100 at m/z 921 for a sample amount of 10 ng 
on target. The right-hand inset shows that the resolu- 
tion is sufficient to resolve the naturally occurring 
12C/ 13C isotopes of the component molecules. There- 
fore no further optimization of the mass resolving 
power was attempted. The molecular weight distribu- 
tion is near Gaussian shaped as can be expected from 
the statistical nature of the polymerization process 
[31]. The spectrum predominantly shows sodium 
cationized PEG molecules at equidistant intervals that 
are nominally 44 u. Also lithium and potassium cation- 
ized components are present at lower abundances. 
Matrix adduct ions are not observed. For example, the 
PEG nonadecamer quasimolecular ions [M + Lil+, [M 
+ Na]+, and [M + K]+ are observed at m/z 861, 877, 
and 893, respectively (left-hand inset in Figure 1). The 
alkaline salt contamination from the sample prepara- 
tion process was sufficient to produce the lithium and 
potassium cation adducts. To prove the identity of the 
ionizing species, a series of measurements was per- 
formed in which the alkali salts lithium iodide, sodium 
iodide, and potassium iodide subsequently were added 
to the matrix (Figure 2). Finally, we have measured the 
lithium, sodium, and potassium cationized perdeutero 
methylated PEG1000 molecular weight distributions 
(spectra not shown). The masses of these peaks are 
listed in Table 1. The individual components of the 
molecular weight distributions are measured with a 
mass accuracy better than 8 ppm. We have taken 8 mu, 
which corresponds to this mass accuracy, as the accu- 
racy in the experimental data (a;l,,,) for the calculation 
of the uncertainties in the error analysis. This value 
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Figure 2. Broadband MALDI-FTICR-MS spectra of PEG1000 
with lithium, sodium, and potassium iodide, respectively, added 
to the matrix. 
only changes marginally over the relatively narrow 
mass range of interest. The measurements on PEG1000 
as described in the preceding text were used to test the 
accuracy of the two methods of end-group determina- 
tion (eqs 6 and 7). Only the peaks with S/N > 10 were 
part of the calculations. The results of the analysis 
described in the previous section are given in Table 2. 
It is obvious that both methods have an accuracy that 
is sufficient to confirm the identity of the distal parts of 
the polymer. As argued in the previous section, the 
second method yields a higher accuracy for the end- 
group mass. The errors in the determined end-group 
masses are in agreement with the predicted values, 
given the B-ppm mass measurement accuracy. 
Table 1. The measured masses of the components of the PEG1000 molecular weight distributions and the corresponding degree of 
polymerization n [--t ... + denotes the chain of PEG monomer units]. 
n [CD,O-(~-~k--CD3+KI' [CD,O-(~~~tCD3+Lil+ [CD,O-+~~~)-CD3+Nal' [HO+~~~b-HHLilt [HO-(...k--H+ Nal’ 
13 647.4081 613.3384 
14 707.4106 675.4617 691.4337 641.3891 657.3643 
15 751.4368 719.4868 735.4623 685.4159 701.3918 
16 795.4634 763.5145 779.4892 729.4439 745.4162 
17 839.4909 807.5419 823.5145 773.4672 789.4445 
18 883.5183 851.5663 867.5407 817.4949 833.4701 
19 927.5440 895.5934 911.5668 861.5236 877.4956 
20 971.5715 939.6196 955.5931 905.5470 921.5234 
21 1015.5962 983.6456 999.6205 949.5742 965.5499 
22 1059.6226 1027.6736 1043.6462 993.5971 1009.5764 
23 1103.6456 1071.7010 1087.6736 1037.6250 1053.6008 
24 1147.6751 1115.7285 1131.6983 1081.6543 1097.6229 
25 1191.7000 1159.7523 1175.7244 1125.6790 1141.6498 
26 1235.7216 1203.7772 1219.7547 1169.7014 1185.6777 
27 1279.7584 1247.8005 1263.7776 1213.7335 1229.7017 
28 1323.7756 1291.8335 1307.7954 1257.7552 1273.7362 
29 1367.8143 1335.8586 1351.8314 1301.7752 1317.7501 
30 1411.8354 1379.8839 1395.8468 1345.8129 1361.7832 
31 1455.8645 1423.9113 
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Table 2. Masses and deviations in the analysis of native and perdeutero methylated PEG1000 end groups by MALDI-FTICR-MS” 
Masses and [CD,O--( ... t- [CD,O-( I’. k- tCD,O-( .‘. t 
Deviations(u) CD, + Kl+ CD, + Lilt CD, + Nal+ [HO--f ... J-H + Lil- [HO-( ... F-H + Nal+ 
M man. actual 44.0262 44.0262 44.0262 44.0262 44.0262 
M man, regresslo” 44.0265 44.0264 44.0261 44.0261 44.0260 
AMmon. regression 0.0003 0.0002 - 0.0001 -0.0001 - 0.0002 
%lorl regresslo” 0.0004 0.0004 0.0004 0.0004 0.0004 
M end. actual 91.0432 59.0955 75.0693 25.0260 40.9998 
M end. regresslo” 91.0392 59.0913 75.0708 25.0244 41.0012 
~Menri regresslo” - 0.0041 - 0.0042 0.0015 -0.0016 0.0014 
@end. regressaon 0.0084 0.0084 0.0080 0.0089 0.0080 
M end, average 91.0460 59.0963 75.0685 25.0227 40.9971 
AM,,,, average 0.0028 0.0008 - 0.0008 - 0.0034 -0.0027 
oknd. average 0.0019 0.0019 0.0019 0.0019 0.0019 
aThese results were obtained by using the masses llsted in Table 1. A denotes the difference between the actual end-group mass and the 
estimated mass. The standard deviations w,,,~~ and ueen,, were calculated from eqs 6 and 7. ‘T,.~. IS taken to be 8 mu. -C ‘.. )- denotes the 
chain of PEG monomer units 
After the encouraging results from the PEGlOOO, 
experiments were performed on PEG4000. The spec- 
trum of the native PEG4000 is shown in Figure 3. The 
components of the molecular weight distribution are 
measured with a mass accuracy better than 15 ppm 
and their masses are listed in Table 3. The polymer 
(n = 95) at m/z 4239 [M + K]+ is resolved with a 
resolution of 6000 and a S/N ratio of 75. The polymer 
molecular weight distribution covers the mass range 
m/z 3400-5200 (S/N > 5). To test the accuracy of the 
methods and the experimental conditions, the dipro- 
pylether and the diacetate of PEG4000 were studied in 
addition to the native PEG4000. The residue masses of 
the dipropyl and diacetate end groups differ only by 
72 mu. Consequently a resolving power of at least 
56,000 at m/z 4000 is required to distinguish the two 
derivatives. The measured masses of the components 
of the molecular weight distributions of the deriva- 
tized PEG4000 compounds were similar to those from 
native PEG4000 and also are listed in Table 3. It is 
obvious that the resolution in broadband mode is not 
sufficient to resolve the two derivatives in one spec- 
trum. On the other hand, the mass accuracy should be 
sufficient to distinguish the two derivatives on the 
basis of end-group mass determinations from different 
measurements. The results of the analysis of the data 
r.i. 
I 
I il 
n=95 
I 
are listed in Table 4. The uncertainties in the error 
analysis are calculated by taking 60 mu as the accuracy 
in the experimental data cddata (which corresponds to 
HO-(C,H,O),-H 
nz100 
l5-ppm mass accuracy at m/z 4000). Note that for the 
end-group analysis the peaks in the spectrum that 
correspond to polymers that contain two “C isotopes 
are used because they have the highest abundance in 
the mass range around m/z 4000. The identification of 
these peaks is based on calculated isotopic patterns. 
,  ,  /  
3800 4300 4800 m/z 
Figure 3. Broadband MALDI-FTICR-MS spectrum of PEG4000. 
The inset shows the unit mass resolved peak at m/z 4239. 
The implication of this choice is that the determined 
end-group masses will be the summation of the end- 
group mass, the mass of the cation, and the mass 
difference between 12Cz and 13C2. We concluded from 
the results that the regression method becomes less 
accurate for higher masses because of the large effect 
of the extrapolation. Furthermore, the results show 
that the predicted errors are much higher than the 
actual errors. This difference is caused by a relatively 
large variation of uddata over the molecular weight 
distribution (roughly a factor of 21, that is, the assump- 
tion of a constant measurement uncertainty no longer 
holds. The error from the averaging method still al- 
lows the confirmation of the identity of the end groups 
with an accuracy within 20 mu, which means that it is 
possible to distinguish between the two derivatives 
with isobaric nominal end-group mass in end-group 
determinations according to the averaging method. 
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Table 3. The measured masses of the components of the PEG4000 molecular weight distributions and the corresponding degree of 
polymerization n. [-( ... ti denotes the chain of PEG monomer units]. 
[CH,(CO)‘--1 ... F [C,H,O--( ... ti 
” [HO-( .‘. )--H + Nal’ (CO)CH, + Nal’ C,H, + Nal+ 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
3785.265 
3829.291 
3873.255 
3917.258 
3961.342 
4005.355 
4049.355 
4093.393 
4137.418 
4181.472 
4225.486 
4269.525 
4313.557 
4357.574 
4401.540 
4445.613 
4489.715 
4533.703 
3561.130 
3605.151 
3649.173 
3693.246 
3737.280 
3781.298 
3825.290 
3869.350 
3913.363 
3957.389 
4001.410 
4045.440 
4089.462 
4133.486 
4177.523 
4221.563 
4265.576 
4309.593 
4353.622 
4397.655 
4441.665 
4485.732 
4529.722 
4573.738 
4617.754 
4661.813 
4705.852 
4749.851 
- 
3693.145 
3737.182 
3781.223 
3825.260 
3869.261 
3913.284 
3957.319 
4001.342 
4045.369 
4089.403 
4133.419 
4177.442 
4221.486 
4265.510 
4309.541 
4353.556 
4397.576 
4441.614 
4485.627 
4529.665 
4573.688 
- 
Table 4. Masses and deviations in the analysis of native, dipropyl, and diacetyl PEG4000 end groups by MALDI-FTICR-MS” 
Masses and 
Deviations [CH,(COV--( ... t [C,H,O-( ... t 
(u) [HO--d ... tH + Nal’ (CO)CH, + Nal+ C,H, + Nal- 
M man. actual 44.0262 44.0262 44.0262 
M man. regression 44.0285 44.0264 44.0264 
4Mmon, regress,on 0.0023 0.0002 0.0002 
%lon, regresslo” 0.0025 0.0014 0.0020 
M end. actual 43.007 127.101 127.028 
M end. regresslo” 42.79 127.09 127.02 
4Men, regresslo” PO.22 -0.02 -0.01 
4 end. regression 0.24 0.13 0.18 
M end. average 43.004 127.106 127.039 
4"haverage -0.003 0.005 0.011 
(<nd. average 0.014 0.011 0.013 
aThese results were obtained by using the masses listed in Table 3. A denotes the difference between the actual end-group mass and the 
estimated mass. The standard deviations n,,,mon and <,end were calculated from eqs 6 and 7. n,,data is taken to be 60 mu --I ‘.. )- denotes the 
chain of PEG monomer units. 
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Because the error in the averaging method scales lin- 
early with the error in the experimental data, this 
method is expected to work for molecular weights up 
to roughly m/z 10,000 provided that the measured 
spectra will be unit mass resolved. The spectra shown 
clearly indicate that quadrupolar excitation combined 
with collisional cooling of the cyclotron motion of the 
ions [32] will be necessary to meet this condition, 
especially in the higher mass ranges. These techniques 
will be the subject of future experiments. 
End-Group Analysis of a Polymer with 
Unknown End Group 
The experiments described in the preceding text prove 
the validity of the end-group determination via 
MALDI-FTICR-MS. In a second series of experiments, 
a polymer sample with an unknown end-group struc- 
ture was investigated. The spectrum of this compound, 
polyvinyl pyrrolidone (PVP3000), in Figure 4 shows 
abundant [M + Na]+ cations. The identity of these 
sodium adducts was confirmed by comparison of the 
spectrum with the result of a second measurement in 
which potassium iodide was added to the matrix (data 
not shown). The molecular weight distribution again 
was measured in broadband mode. The masses of the 
component [M + Na] ’ ions (listed in Table 5) were 
correlated with the degree of polymerization (Figure 
5). The resulting end group and monomer masses are 
given in Table 5. According to the average method the 
possible end-group (without cation adduct) masses are 
60.0568 + i*111.0684. For i = 0, the end group mass is 
indicative of the elemental composition C,H,O. Iso- 
Table 5. The measured masses of the components of the 
PVP3000 molecular weight distributions and the corresponding 
degree of polymerization M, and the masses and deviations 
obtained from the analysis of these data” 
n KCH,),CHO--( ... 1-H + Nal’ 
4 627.3247 
5 638.3927 
6 749.4606 
7 860.5268 
8 971.5933 
9 1082.6618 
10 1193.724 
11 1304.7931 
Masses and Deviations (u) 
M man. actual 111.0684 
M man, regresslo” 111.0667 
AMmon, regressIon -0.0017 
%lon, regresslo" 0.0012 
M end, actual 83.04728 
M end. regresslo” 83.05914 
~““en,, regresson 0.01 18 
0.0097 
end. average 83.0465 
bMend, average - 0.0007 
a,,,, average 0.0028 
a -I ... )- denotes the chain of PVP monomer units. A denotes 
the difference between the actual end-group mass and the esti- 
mated mass. The standard deviations ~7~~” and rr,,, were calcu- 
lated from eqs 6 and 7. 
r.i. 
1 
0.5 
i 
C&O-(C&NOi-H 
r.i. 
1 
3 
n=7 
860 861 862 m/z 
0 
600 a00 1000 1200 1400 1600 m/z 
Figure 4. Broadband MALDI-FTICR-MS spectrum of WI’3000 
with unknown end-group structure. 
PVP3000 
degree of polymerization 
Figure 5. Linear regression on the masses of the PVP3000 com- 
ponent quasimolecular ions versus the corresponding degree of 
polymerization. 
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propanolate anions are well recognized initiators in 
base-induced polymerization of PVP. In this anionic 
polymerization reaction the alkyl group of the initiator 
is incorporated in one of the end groups of the reaction 
product. Generally these polymerization reactions are 
quenched by the addition of H+. Therefore we con- 
clude that the end groups of the PVP polymer are 
(CH,),CHO- and -H. Given this end-group ele- 
mental composition the error in the determined end- 
group mass is 12 mu. For i > 0, there are no plausible 
candidates for the end group of the polymer based on 
polymer chemical synthesis. Our end-group assign- 
ment was confirmed by the supplier. 
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